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Abstract
The continuous variables regime offers much promise for quantum information and com-
putation protocols. In particular, the continuous variable polarisation teleportation is of
great interest, both theoretically and experimentally, at the moment.
In this thesis three schemes for continuous variable polarisation teleportation are anal-
ysed and their performance is rated. The double teleporter setup, the quantum nondemo-
lition teleporter scheme and the biased entanglement teleporter setup are each discussed
and evaluated. Two methods are employed for the evaluation of the teleportation success.
The TV diagram which stresses the usefulness of the experimental design and the fidelity,
which measures the quantum input to output state preservation. It is later shown that
these two independent assessments, which consider physically different attributes, yield
contradicting conclusions. Further it is shown that it is important to decide whether the
objective of the polarisation teleportation is the transfer of information or the quantum
state recreation before meaningful analysis using TV or fidelity can be made.
Finally, a study of a special cloning limit for a particular input state is made, related
to the two of the above polarisation teleportation schemes. A new cloning fidelity limit is
derived for these cases and TV cloning limits of information transfer and correlations are
discussed.
vii
Contents
Declaration iii
Acknowledgments v
Abstract vii
1 Introduction 3
2 Quantum optics formalism 7
2.1 Overview of this chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 The linearisation of field operators . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Phase space representation . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 Squeezing of light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.5 Quantum theory for experiments . . . . . . . . . . . . . . . . . . . . . . . . 9
2.5.1 Beam splitters and vacuum noise . . . . . . . . . . . . . . . . . . . . 9
2.5.2 Standard homodyne detection . . . . . . . . . . . . . . . . . . . . . . 10
2.5.3 Teleportation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.5.4 Quantum nondemolition measurement . . . . . . . . . . . . . . . . . 11
2.6 Fidelity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.7 The TV approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3 Quantum Stokes operators of polarised light 15
3.1 Overview of this chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2 Stokes formalism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3 Linearisation of Stokes parameters . . . . . . . . . . . . . . . . . . . . . . . 17
3.4 Comparison of Stokes operators with quadrature amplitudes . . . . . . . . . 18
3.5 TV assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.6 Fidelity assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.7 Relevance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4 Polarisation teleportation - four squeezers 23
4.1 Overview of this chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.2 Teleportation of the Stokes information . . . . . . . . . . . . . . . . . . . . 23
4.3 TV diagrams for polarisation . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.4 Limitations of the scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
i
ii Contents
5 Polarisation teleportation and QND 29
5.1 Overview of this chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.2 Simpler experimental scheme-teleporter and QND . . . . . . . . . . . . . . 29
5.3 TV analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
6 Biased entanglement scheme 37
6.1 Overview of this chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
6.2 Motivation for improvement . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
6.3 Biased entanglement scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.3.1 Case-1 : V −sq squeezing and g+ positive . . . . . . . . . . . . . . . . . 39
6.3.2 Case-2 : V −sq squeezing and g+ negative . . . . . . . . . . . . . . . . 40
6.3.3 Case-3 : V +sq squeezing and g+ negative . . . . . . . . . . . . . . . . 41
6.4 Further improvements with vacuum squeezing . . . . . . . . . . . . . . . . . 42
6.4.1 Case-1 with V +v squeezed . . . . . . . . . . . . . . . . . . . . . . . . 43
6.4.2 Case-2 with no vacuum squeezing . . . . . . . . . . . . . . . . . . . . 43
6.4.3 Case-3 with V −v squeezed . . . . . . . . . . . . . . . . . . . . . . . . 43
6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
7 The alternative cloning limit 47
7.1 Overview of this chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
7.2 The standard cloning limit . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
7.2.1 The fidelity cloning limit . . . . . . . . . . . . . . . . . . . . . . . . 47
7.2.2 The information and correlation cloning limits . . . . . . . . . . . . 49
7.3 The single quadrature cloning limit . . . . . . . . . . . . . . . . . . . . . . . 50
7.4 Is this the optimum “cloner”? . . . . . . . . . . . . . . . . . . . . . . . . . . 52
7.5 Equivalent information and correlation cloning limits ? . . . . . . . . . . . . 52
7.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
8 Future prospects 55
A Matlab Programs 57
A.1 The double teleporter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
A.2 The QND-teleporter program . . . . . . . . . . . . . . . . . . . . . . . . . . 63
A.3 Fidelity optimisation code . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
B The supplement of full mathematical expressions 71
Bibliography 77
List of Figures
2.1 The frequency spectra of the light field in the sideband picture. αRF is the
modulation sideband which lies on top of the white vacuum noise, δaˆ. The
carrier αDC at ωDC = 0 is also shown. The ωRF “slice” of this diagram
inspects the properties of the light at only a single frequency. . . . . . . . . 8
2.2 Two minimum uncertainty states: (a) coherent state, (b) amplitude
squeezed state. αRF : the modulation sideband amplitude, V
±: phase and
amplitude noise variance of the light beam. . . . . . . . . . . . . . . . . . . 9
2.3 The input and output quadratures of a beamsplitter with transmittance ,
showing the vacuum noise fluctuations coupling to the light field, Aˆ. . . . . 10
2.4 The basic principle of homodyne detection. LO amplitude is much greater
than signal. The difference of the currents gives the signal fluctuations
scaled by the LO, see text. D1, D2: detectors, : beam splitter transmission
coefficient, +/- : electronic adder and subtracter. . . . . . . . . . . . . . . . 11
2.5 Basic experimental teleportation setup. SQ1,SQ2: two squeezed input
beams; D±: amplitude/ phase homodyne detectors; +/- : amplitude/ phase
modulators; λ±: amplitude/ phase modulator gains; BS: beam splitter. . . . 12
3.1 The comparison of (a) classical and (b) quantum Poincare´ spheres. The
explicit meaning of the “stick” is illustrated, in terms of the photon num-
ber S0 for the classical case, and a larger value of
√
S20 + 2S0, due to the
quantum uncertainty in the second case [34]. The presence of the uncer-
tainty relations (eq. 3.4) noise “ball” absent in the classical picture and
also indicated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.2 The meaning of the two dimensional Wigner function overlap integral, or
fidelity, in quadrature space. Each conjugate observable is seen to be char-
acterised by a Gaussian distribution with a given variance, and this is suf-
ficient to describe the laser beam fully. . . . . . . . . . . . . . . . . . . . . . 21
4.1 Polarisation teleportation setup which consists of a set of quadrature tele-
porters, with an advantage of LO free homodyne detection, (see text). SQ1-
SQ4: four squeezed input beams; D±: amplitude/ phase homodyne detec-
tors; +/- : amplitude/ phase modulators; λ±: amplitude/ phase modulator
gains; PBS: polarising beam splitter. . . . . . . . . . . . . . . . . . . . . . . 24
4.2 (a) The symmetric squeezing case - all three Stokes TV plots are identical
and the same amount of the original polarisation information is teleported
in all three Stokes parameters, hence all three polarisation components; SQ
= 0.5. (b)-(d) The asymmetric squeezing case - In a non-ideal system the
amount of information successfully teleported on each Stokes parameter will
vary with the DC polarisation, as demonstrated for three different θ values.
αH =
1√
7
, (arbitrary); SQ1 = .3, SQ2 = .6, SQ3 = .2, SQ4 =.5 The classical
limit curve (pale solid line) is also indicated on all the diagrams. . . . . . . 26
iii
iv LIST OF FIGURES
5.1 QND-teleporter experimental setup consisting of an all destructive QND
and a teleportation (see fig. 4.1) circuits. D±: amplitude/ phase homo-
dyne detectors, Det: standard amplitude detector, +/- : amplitude/ phase
modulators, g±: amplitude/ phase modulator gains, PBS: polarising beam
splitter, WP: waveplate; HPF: high pass filter in the feedforward loop; LPF:
low pass filter in the feedback loop. . . . . . . . . . . . . . . . . . . . . . . . 31
5.2 The physical meaning of the polarisation angle is shown. The choice of
θRF changes the projection (αproj) of the modulation sideband, measured
relative to the always vertical (-Sˆ1) DC carrier. . . . . . . . . . . . . . . . . 32
5.3 The TVS2 and TVS3 for the asymmetric squeezing case, drawn for three
different θ values: (a) pi; (b) pi2 ; (c)
pi
4 . The classical limit (pale solid line) is
again drawn as a reference. The phase delayed behaviour between the two
Stokes parameters is seen (see text); SQ1 = .2, SQ2 = .7 . . . . . . . . . . . 33
5.4 The 3-dimensional plot of TS1 as a function of G and SQ3. The plane shows
the maximum classical value, and the surface above is the non-classical
teleportation region for a single quadrature. The cross section at the plane
is a parabolic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
5.5 The alternative information transfer visualisation for TS1 in the QND case.
This plot is a series of “equipotential” TS1 lines from the figure 5.4. The
quantum teleportation regime bounded by TS1 >
1
2 and V
1
cv < 1 is darkened. 35
5.6 When G = 1 and SQ3 = 2 SQ the unity gain points for TVS1, TVS2 and
TVS3 are seen to coincide for all squeezing parameter values (in steps of 0.2
for S1 and steps of 0.1 for S2,3. . . . . . . . . . . . . . . . . . . . . . . . . . 35
6.1 Biased entanglement and teleporter experimental setup. See text for further
clarification. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.2 The optimal fidelity of a biased entanglement scheme, in case-1, solid line.
The plot of a full QND-teleporter system fidelity is a dotted line, while
the double teleporter setup is shown as a dashed line. The case-1, shows
a considerable improvement to a QND system at extreme squeezing, while
being more favourable than a full, double teleporter up until 90 % squeezing. 40
6.3 The optimal fidelity of biased entanglement scheme, in case-2, solid line.
The plot of a full QND-teleporter system fidelity is dotted line, while the
double teleporter setup is shown as dashed line. This case shows an almost
constant and minute fidelity improvement to a QND system at all squeezing
values, while, surpassing a full teleporter up until 80 % squeezing. . . . . . 41
6.4 The optimal fidelity of biased entanglement scheme, in case-3, solid line.
The plot of a full QND-teleporter system fidelity is a dotted line, while the
double teleporter setup is shown as a dashed line. The case-3 has a modest
improvement to a QND system after 50 % squeezing, while again, beating
a full teleporter up until 80 % squeezing. . . . . . . . . . . . . . . . . . . . 42
6.5 The optimised four squeezer teleporter (thick, dotted-dashed line), com-
pared with the optimised three squeezer case, the BE-teleporter scheme
(solid line). The non optimised fidelity curve for the full teleporter is also
shown (thin, dashed line). The two optimised systems show comparable re-
sults at lower squeezing parameters, even though the full teleporter is more
demanding in resources. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
LIST OF FIGURES 1
7.1 The optimum quantum Gaussian cloning machine, for complete two quadra-
ture copies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
7.2 The teleportation setup with two taps at ports 1 and 2. Quantum correla-
tion loss occurs at port 1, and information loss at port 2. The cloning limits
for the two TV parameters are TLIM ≤ 12 and V LIMcv ≥ 1, per quadrature. . 49
7.3 The two cloning regimes of the TV diagram, depending on the tap-off port.
The correlation cloning regime (dashed box), T ≤ 23 and Vcv ≥ 1. The
information cloning regime (solid box), T ≤ 12 and Vcv ≥ 12 , per quadrature.
Examples of TV curves are given at three squeezing values: VSQ = 0.5, 0.1,
0.001. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
7.4 The single quadrature quantum cloner. H is the OPO gain. . . . . . . . . . 50
7.5 Equivalent single quadrature quantum cloner design. H1, H2 and H3 are
the gains of the three OPOs. . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2 LIST OF FIGURES
